The wavelet analysis method is used to analyze the annual and winter temperature data of 98 observation stations in China in eight climate zones during the last 50 years . The periodicities of temperature changes are investigated, and the possible temperature change trends in China in the next 20 years (2012-2029) are also predicted. Our results show that in the inter-annual temperature variability there are pervasive quasi-3-to quasi-4-year cycles, and these cycle changes are relatively steady. The periodic characteristics of the annual temperature changes are clearly different between northern and southern China, and our period superimposition extrapolation shows that both annual and winter temperatures in China will continue to increase in the next 20 years, more so in northern China and in the Qinghai-Xizang Plateau (QXP) than in the southern region, except in the southwest. If temperatures follow historic increasing linear trends, the overall temperature is expected to increase by 1 °C between 2010 and 2029.
Introduction
Global warming and its influence on human living environments is an important scientific issue of growing concern. Analyses of global surface temperature data by Ding (1997) and Ren (1997) showed that the global mean surface temperature has increased 0.3-0.6 °C in the last 100 years, which has resulted in the rise of sea levels by 10-25 cm, and the past 10 years have been the warmest in the past 100 years. The IPCC Fourth Assessment Report (AR4) (2007) reported the global average surface temperature increased by 0.74 °C from 1906 to 2005, and the latest 10 years have been the warmest since records have been kept. In the last 50 years of the 20th century, the Northern Hemisphere (NH) average temperature was the highest in the past 1,300 years. In China, the temperature changes in the last 100 years have been similar to the changes in the NH Zhao et al., 2005 ; Committee of National Assessment Report on Climate Change, 2007; IPCC, 2007) . There were two warming periods in the NH, in the 1940s and in the 1980s, but the average temperature of the NH in the 1980s was higher than in the 1940s (Lin et al., 1995) . According to IPCC estimates, global temperatures will continue to increase in the future. By the end of the 21st century, the optimal estimate of temperature rise under a low greenhouse gas (GHG) emission scenario is 1.8 °C (the possible range is 1.1-2.9 °C), and is 4.0 °C under a high-emission scenario (the possible range is 2.4-6.4 °C). According to the IPCC (2007) , in the mid-high latitudes of the NH and China, the temperature will increase significantly in the next 100 years, probably by 3.5-7 °C in the NH and 4-9 °C in China.
There are remarkable regional characteristics of cli-mate change in China (Shi et al., 1995) . Over the past 100 years, the surface temperature in China increased by 0.79 °C, at an average increase rate of about 0.08 °C/10a (Ren et al., 2003) . The warming in winter is most obvious. Zuo et al. (2004) found that temperature in China is increasing faster than global average level since the 1970s. Gao et al. (2010) simulated the future climate in China and showed that the temperatures in winter, summer, and the annual average will significantly increase. Li et al. (2010) further proposed that the warming rate has incurred a remarkable upward trend in the past century; the warming has been most obvious in northeastern, northwestern, and northern China, while in southwestern and southern China the increase has been less. Simulation results from the climate system model BCC_CSM1.0d also showed that under the B1 scenario, the temperature in China will increase 1.2 °C higher than the global average (Xin et al., 2009) . Compared to the B1 scenario, the emission reduction scenarios De90 and De07 will cause temperature declines of 0.4 °C and 0.3 °C, respectively. In northern China, the warming is greater than in the southern and coastal regions (Xin et al., 2009) . A study of regional temperature trends by Gao et al. (2009) showed that during 1961-1990, 2021-2050, and 2071-2097 the annual temperature changed or is expected to change only slightly in western China, but significantly in the east. Zhao ZC et al. (2008) used ensemble results from more than 40 climate models, incorporating future increases of human-produced GHGs, to predict that the temperature will increase about 0. 55 °C in 2006 55 °C in -2025 55 °C in , and by 1.43 °C and 1.39 °C in 2020 55 °C in and 2025 55 °C in , respectively. Chen et al. (1991 analyzed temperature changes in China during a 39-year period , and showed that the temperature increased in northern, northeastern, and northwestern China but decreased in Jianghuai and Sichuan. Xu et al. (2003) simulated seven atmosphere-ocean coupled models, and the results showed that the warming air temperature was more obvious in Qinghai and Xizang than whole China in 21st century. All of the above investigations showed that warming will predominate in the future, although there will be some differences among the various regions.
The causes of these indisputable temperature rises have not been clearly defined. Therefore, studies on temperature change regularity have been conducted to promote understanding of future temperature changes. For example, Tu (1984) identified distinct cycles of annual and seasonal temperature changes at 18.4-28.9 years, 2.9-3.0 years, and 2.2-2.3 years. Wei et al. (2003) analyzed the temperature and precipitation changes recorded at 72 weather stations in the QXP during 1962-1999, and concluded that the QXP temperature has quasi-3-year, quasi-5-to 8-year, and quasi-11-year cyclic oscillations. They found that the QXP precipitation-cycle oscillations are mainly 3-5 years, 8-11 years, and quasi-19 years, and that periodic oscillations were significantly different at the various stages of evolution of the QXP climate. Wang and Cui (2006) suggested that precipitation in the northwestern region has a quasi-3-year cycle, but that the periodic stability varies in different regions.
The characteristics of temperature changes at multiple temporal-spatial scales are unstable, particularly when external forces are superimposed. Therefore, in order to determine whether there are universal characteristics of quasi-cycle changes of temperature on a regional scale over China in the past 50 years, we analyzed data from 98 observation stations in eight different climate regions in China to create wavelet transforms of the monthly temperature from 1961 to 2009. We applied wavelet analysis as well as significance tests to analyze the changing characteristics on different spatial-temporal scales, and to assess the stability of the quasi-periods of temperature oscillation in China. Based on the above, we project possible changes in the trends of winter and annual temperatures in China over the next 20 years (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) (2021) (2022) (2023) (2024) (2025) (2026) (2027) (2028) (2029) , with stable cycles superimposed by the epitaxial method.
Methology and data
Wavelet analysis has good local properties in both the time and frequency domains, and can also decompose signals into different time scales. Therefore, tiny details of a research object can be analyzed, making this a suitable method for analyzing singular signals.
As defined in the literature (e.g., Harald and Krogstad, 2001; Peng, 2002) , the Marr wavelet basis function was chosen for this study. This is the second derivative of the Gaussian function, and it can be expressed as follows (Liu and Zhang, 2002) 
The Marr wavelet has good locality in the time and frequency domains. The wavelet change of each cycle is examined by intercepting the volatility in the horizontal direction, making it possible to obtain the local features according to their time coordinates and the cycle coordinates. The specific principle of this analytical method is discussed in Mallat (1989) , Mallat and Hwang (1992) , and Mallat and Zhong (1992) .
Due to the complex terrain and significant differences in climate characteristics throughout China, we used the climate partitions proposed by Zhang and Lin (1985) in order to comprehensively and specifically study the inter-annual distribution and temporal-spatial changes of annual and winter temperatures of certain regions in China (Figure 1) .
When choosing the observation stations, we considered the effect of urban heat islands. Zhao (1991) , through studying the data from 160 stations in China, found that the urban heat island effect will increase with increasing population. Therefore, we selected 5 to 16 observation stations in each climate zone to represent the regional features. The time periods of these station data were relatively long (from 1961-2009 ) and were relatively evenly distributed spatially, without migration, to ensure good representation. To exclude the impact of human activities, the stations near mega-cities (population ≥1 million) and the largest city (population ≥500,000) were omitted so as to eliminate the influence of heat island effects in the data (Ren and Zhai, 1998) . We considered the average values from the observation sites in the region as being representative of the regional characteristics.
In this study, December, January, and February represent winter. The detrended annual and winter temperatures of each climate region are transformed by using wavelet analysis and their linear trends are calculated. 
The characteristics of inter-annual trends and temporal scales of temperatures in different climate regions
A climate system is affected by external cycles and non-periodic forcing on different temporal scales, and it also has inner-system momentum and energy exchange, and biological and chemical cycles, which have linear and nonlinear effects at different time scales. Therefore, the obtained results are derived from all of these processes. On the one hand, there are difficulties in how to distinguish the cyclical components; on the other hand, the periodic components of the local climate change are not the same, and even if the periodic components are significant, the cycle lengths of climate change are also not the same. This study focuses on the time scale characteristic, which is the quasi-periodic oscillation of temperature changes in various climate regions in China during . If a certain length of periodic temperature oscillation in a period is persistent, that cycle is considered stable.
Because temperature extremes do not occur in a specific month in every region in China, in this study December, January, and February define winter. Due to the persistence of GHGs, when analyzing the natural and inner-system changes of temperature by wavelet analysis, the linear trend of the annual and seasonal temperature is removed.
Figures 2 and 3 illustrate the wavelet amplitude changes of annual and winter temperatures in 1961-2009. By intercepting the vertical wavelet amplitude for each year, the positive wavelet amplitude represents the high temperature in each year, and the negative wavelet indicates the low temperature of each year. These figures illustrate the dominant features of temperature changes cycles in all the studied regions.
(1) Northeastern China. In general, the periodic oscillations of annual average temperature are quasi-3-year in the late 1960s, the mid-1970s, the early 1980s, and the late 1990s; however, there is a 4-to 6-year cycle oscilla-tion in the 1980s; a quasi-4-year periodic oscillation appears during 2000-2009; and in the mid-1980s there is a weak quasi-6-year cycle oscillation. In the mid-1960s and in the 1980s, the oscillation of winter temperature changes is mainly quasi-4-year. In the late 1960s, in the mid to late 1970s to the early 1980s, and in the mid-1990s there are prevalent quasi-3-year periodic oscillations; during 2000-2009, a quasi-4-year periodic oscillation is prominent. Overall, in the northeastern region the dominant periodic oscillations of annual temperature range from 3 to 4 years. No matter on the annual time scale or in a quickly warming winter, the cycles of temperature change are relatively steady in the northeastern region; the 3-year-cycle is dominant. There is a weak quasi-periodic oscillation in the temperature changes in this area in the past 50 years, which is similar to the precipitation cycle in this region described by Xu and Dong (1982) . In the 1980s, there is a warm-cool-warm change of temperature, which is slightly different from the findings of Zhao et al. (2006) , which might have been caused by the different stations and data periods used which might, in turn, reflect different relative changes of temperature on different time scales. On the seasonal scale, the wavelet amplitudes of winter temperatures indicate a 3-to 5-year (quasi-3-year) periodic oscillation, especially from the late 1960s to the mid-1980s and in 2004-2009, when there is a significant quasi-3-year cycle oscillation; in the early 1970s, the periodic oscillation is 4-6 years. Obviously, in this region a 3-year cycle of temperature change is dominant, and it is stable.
(4) Northern China. Before the mid-1970s, periodic oscillations of annual temperature change in the region are not remarkable. From the mid-1970s to the mid-1980s and in the mid-1990s, there is a quasi-4-year periodic oscillation; in the mid-1960s to the early 1970s, late 1970s, and the mid-1990s, the winter temperature has a quasi-3-year periodic oscillation, and in the mid-1980s, there is a quasi-4-year periodic oscillation; during 2000-2009, a significant quasi-4-year periodic oscillation appears. In this climate region, 3-to 4-year periodic oscillation is dominant, and the periodicity is relatively steady.
(5) Central China. In this region, periodic oscillations of annual temperature change are not prominent except in the late 1970s and the mid to late 1990s, which have a weak quasi-4-year cycle oscillation. This suggests that the periodicity of the annual temperature change in this region is not prominent. This might be because the region is located in the hinterland of the monsoon climate region, and is in the intersection of the north-south airflow. From the mid-1960s to the early 1970s, there is a quasi-3-year periodic oscillation of winter temperature, but until the early 1970s this cycle is only slightly prominent. In the late 1970s, there is a quasi-3-year periodic oscillation; 3-to 5-year periodic oscillations appear in the mid-1980s; and during 2000-2009, quasi-3-year periodic oscillation appears again. The periodic oscillation of temperature change on the region's annual scale is not remarkable, which may relate to smaller inter-annual changes of temperature. On the seasonal scale, winter is dominated by winter monsoons and has quasi-3-year periodic changes, which are relatively steady.
(6) Southern China. In this region, periodic oscillations of the annual temperature change are not prominent. In the mid-1960s, there is a quasi-3-year periodic oscillation; in the mid to late 1970s, the periodic oscillation is 3-5 years, and in the mid-1980s it is 4-8 years. The mid-1990s and 2005-2009 have quasi-3-year periodic oscillations that are relatively stable, which is similar to the characteristics of temperature change in central China and also reflects the impact of the summer monsoons on these two regions.
(7) Southwestern China. In this region, periodic oscillations of the annual temperature change are not prominent. From the mid-1960s to the mid-1990s, winter temperatures maintain a quasi-3-year periodic oscillation, except in the 1980s when there is a 4-to 8-year periodic oscillation. Additionally, from the mid-late 1990s to 2006, the change of periodic oscillation is not prominent; in other words, the 3-year cycle is dominant in this region.
(8) The Qinghai-Xizang Plateau (QXP). The annual temperature periodic change in this region is a quasi-3-year oscillation in the late 1960s and in the mid to late 1990s, but this phenomenon is interrupted from the early 1970s to the mid-1990s. Figure 4h illustrates that annual variability of temperature in the QXP is less than in other regions. The periods of relatively low temperature are in the late 1960s and the late 1990s, which differs from the findings of Cai et al. (2003) ; this could be attributed to different periods of data analysis. In the early 1960s and the late 1960s, there are weak quasi-3-year periodic oscillations in winter, but from the early 1990s to the mid-1990s, the quasi-3-year periodic oscillation (3-5 years) is remarkable. On the whole, the 3-year cycle is predominantly stable. Some investigators suggested that there are anomalous winter temperatures in the mid-late 1980s Ma and Li, 2003; Lv et al., 2010) . Table 1 shows the average quasi-periodic oscillations of the annual and winter temperatures in all the studied climate regions. The above analysis shows that a 3-year cycle of temperature change in winter in China is prevalent. In Figure 4 , the 3-year cycles of temperature change are more remarkable in the detrended inter-annual evolution. The obvious 3-year periodic oscillations in the four northern regions might be related to the fact that these are in the northern boundary of the summer monsoon, and also in the zones which are strongly influenced by the winter monsoon. South of the Yangtze River region and the QXP, there is generally no prominent cycle change. The main winter climate system that affects the four regions in southern China is winter wind. There is a significant quasi-3-year periodic oscillation of winter temperatures in this region, but whether there is a 3-year periodic oscillation of the winter monsoon in China, or whether a relative change between winter monsoon and summer monsoon is involved, merits further study.
Possible climate changes in the next 20 years
The above analyses suggest that there is a relatively stable periodic oscillation of temperatures in the studied regions. Thus, change in temperature is somewhat predictable. Although there is uncertainty regarding external forcing factors, such as the increase of carbon dioxide and other GHGs, the inherent laws of temperature itself play a crucial role. That is to say, the temperature changes should be mainly attributed to natural factors. GHGs are only superimposed on this natural variability and would amplify the anomalies of natural variability. In the near term, GHGs will probably maintain a linear increasing trend. Therefore, by superimposing the extrapolation of the temperature cycles for each climate region, within correct statistical scales, most temperature changes in the future can be predicted. The temperature increase caused by GHGs can be represented by the superposition of past linear trends of temperature. 
Climatic region
Winter cycle (a) All-year cycle (a) Northeastern China 4(3-5)*, 10(8-12) 4(3-5)*, 8(7-9) Eastern arid regions 3(2-5), 10(8-13) 4(3-5)*, 8(7-9) Western arid/semi-arid regions 4(3-5)*, 9(7-13)* 4(3-5)*, 8(7-9)* Northern China 4(2-5)*, 15(12-17)* 4(3-5), 10(8-12) Central China 3(2-4)*, 14(12-16)* 3(2-5)*, 8(7-10) Southern China 4(3-5)*, 7(6-8) 4(3-5), 10(8-12) Southwestern China 4(3-5), 7(6-8) 3(2-5), 8(7-10)* Tibetan Plateau (QXP) 3(2-4)*, 14(12-16)* 3(2-4)*, 12(10-16)* Entire country 3.6*, 10.8* 3.6*, 9* Note: * indicates confidence level of significance α = 0.05. (Equation 7) . Here, the assumption of temperature being a linear function of time is used:
where N is the time (year) (N = 1961, 1962, 1963, ..., 2009) Taking cycle analysis of Y′ (N) to extract the dominant cycles, and which superimpose fit and extend the previous result to M, getting the first fit sequence PRE 1 (M); the sequence Y′(N) minus the first fit sequence, the sequence Y′ 1 (N) is got; with the same approach Y′ 1 (N), extracting the second cycle and superimposed till M, we can get the second fit sequence of PRE 2 (M), Y′ 1 (N) minus the second fit sequence of PRE 2 (M) and get the sequence Y′ 2 (N); on the basis of Y′ 2 (N), similarly, we can get Y′ 3 (N), …, Y′ M (N), … until no more prominent cycle. All the dominant cycle superimposed together; the T prediction sequence PRE T can be get finally. Adding linear prediction sequence PRE′(M) to the forecast sequence PRE T (M), we can get the final prediction sequence PRE(M), namely:
All of the calculated cycles are listed in Table 2 , according to the above method, to forecast the sequence of annual and winter temperature changes. The dashed lines in Figures 5 and 6 illustrate that the sequences obtained by this method have excellent fits with the original sequence. The correlation coefficients and the average deviations between the forecast sequence and the original sequence of observed winter temperatures from 1961 to 2009 are also listed in Table 2 ; the high correlations between them (R 2 ranging from 0.728 to 0.994) prove that this method has good predictability. Our prediction of temperature evolution shows that in the all climate regions of China, the annual and winter temperatures will incur high-frequency (3-to 5-year) oscillations (alternating between cold and warm) in the next 20 years, along with a general rising trend that continues from the 1961-2009 period. There will be a more significant temperature increase in northern China compared with southern China, especially in the eastern arid regions, the western arid (semi-arid) regions, northern China, and central China. In northeastern and southern China, a slight warming trend will develop. Both the annual and winter temperatures will have an obviously increasing trend throughout China. Table 2 shows that the average deviation between our predictions and the observations is small; In particular, the deviation of both the annual and winter temperatures does not exceed 1 °C, excluding northeastern China and the eastern arid zone. Thus, our method can be used to predict climate change in China over the next 20 years. The temperature changes in all eight climate regions in China show significant regional characteristics. During 1990 During -2009 , in the western arid (semi-arid) regions the temperature declined by 0.12 °C/10a (Figure 6c ). In the eastern arid regions the increase was as small as 0.06 °C/10a (Figure 6b) , and in the QXP region, the northern, central, southern, and southwestern regions of China there was a warming trend. In the next 20 years (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) (2021) (2022) (2023) (2024) (2025) (2026) (2027) (2028) (2029) , all of the eight climate zones will have temperatures continuing to rise in winter, but this increasing trend will be smaller than the rising trend of annual temperature. In the QXP and the northeastern regions, the temperature will increase by 0.95 °C/10a and 0.7 °C/10a, respectively. Figure 7 shows the historic inter-annual changes and our predictions of the annual and winter temperatures over China. In the past 50 years, the annual average temperature increased more rapidly than did the winter temperature, but in the future the increasing trends of winter temperatures and annual temperatures will be the same. Excluding the effect of possible abnormal growth of GHGs, and following the estimated linear rates, the temperature increases will be no more than 1 °C in the next 20 years nationwide. 
Conclusions and discussions
From our analyses of the historic stability and possible future changes in the temperature cycles of eight climate zones in China, we conclude:
(1) The inter-annual variation of winter temperatures throughout China has a predominant 3-year cycle. The annual temperature cycle is bounded by the extents of the winter and the summer monsoons, that is, the four regions in northern China (northeastern, eastern arid, western arid (semi-arid), and northern) have a quasi-3-year cycle, while there is no prominent temperature cycle in the four southern regions (central, southern, southwestern, and the QXP). Periodic oscillations of temperature changes in the various climate regions have considerable stability.
(2) Our predictions, using cycle superimposition combined with linear trends, show that in the next 20 years (2010-2029) the probable climate change scenario in China is that the annual temperature and winter temperature will maintain increasing trends and all of the climate regions will continue to warm. Of the eight climate regions in the next 20 years, the extent of warming in the QXP region will be the greatest. The temperature will increase about 0.63 °C/10a and the winter temperature will increase about 0.95 °C/10a. Taking account of the effect of GHGs on the QXP, in the next 50 years the temperature will increase by an average of 2.0-2.5 °C/50a; in winter the range is about 2.0-3.0 °C/50a. These increases are larger than that in model assemble. In northern and southwestern China, the warming will be more rapid than in southern China, but in the next 20 years the increasing annual and winter temperatures should not exceed 1 °C.
The above analysis is based on the inherent regularity of climate change. However, climate change is in fact a complex system which responds and adapts to external forcing. Because there are random disturbances in the atmosphere, meteorological data should be considered only an approximation of the real atmosphere status; the actual state of the atmosphere can never be completely and accurately described. On the other hand, the atmosphere is a nonlinear system, which can be approximately simplified into a linear system as a particular solution. Therefore, the principle of superposition is not reasonable. In the analysis process, a trend change relative to the average only implies that the oscillation is equivalent to the analysis scale. On less than half of an analysis scale, to some extent, a relatively steady oscillation reflects the change stability in the nonlinear systems, and the cycle instability within the analysis scale reflects the limitations and the invalidity of the principle of superposition.
This study only considered the steady forcing of temperature changes. Its purposes were to examine the continuity and stability of the dominant temperature cycles, and to provide a reference for other methods of estimating temperature changes. Other studies have shown that, in the context of global warming, the temperature in China will keep increasing, but the characteristics of periodic temperature oscillation and the mechanisms associated with them still need further study.
